In this paper we analyze the transport of passive tracers by deterministic stationary incompressible flows which can be decomposed over an infinite number of spatial scales without separation between them. It appears that a low order dynamical system related to local Peclet numbers can be extracted from these flows and it controls their transport properties. Its analysis shows that these flows are strongly self-averaging and super-diffusive: the delay τ (r) for any finite number of passive tracers initially close to separate till a distance r is almost surely anomalously fast (τ (r) ∼ r 2−ν , with ν > 0). This strong self-averaging property is such that the dissipative power of the flow compensates its convective power at every scale. However as the circulation increases in the eddies the transport behavior of the flow may (discontinuously) bifurcate and become ruled by deterministic chaos: the self-averaging property collapses and advection dominates dissipation. When the flow is anisotropic a new formula describing turbulent conductivity is identified.
Introduction
In this paper we study the passive transport in R d (d ≥ 2) of a scalar T by a divergence free steady vector field v characterized by the following partial differential equation (κ > 0 being the molecular conductivity):
We will assume v to be given by an infinite (or large) number of spatial scales without any assumption of self-similarity [Ave96]. It will be shown that one can extract from the flow a low order dynamical system related to local Peclet tensors which controls the transport properties of the flow. Based on the analysis of this dynamical system we will show that the transport is almost surely super-diffusive, that is to say, the time of separation of any finite number of passive tracers driven by the same flow and independent thermal noise behave like r 2−ν with ν > 0. Similar programs of investigations have shown that the mean squared displacement of a single particle is anomalously fast when averaged with respect to space, time and the randomness of the flow ([Pit97, KO02, Fan02] ). The point here is to show that the transport is strongly self-averaging: the diffusive properties are anomalously fast (before being averaged with respect to the thermal noise, or a probability law of the flow), moreover the pair separation is also anomalously fast. The fast behavior of the transport of a single particle can be created by long distance correlations in the structure of the velocity field but this is not sufficient to produce fast pair separation. In this paper non-asymptotic estimates will be given, showing that the transport is controlled by a never-ending averaging phenomenon ([Owh01a, Owh01b, BO02a, BO02b] ). The analysis of the low order dynamical system allows to obtain a formula linking the minimal and maximal eigenvalues of the turbulent eddy diffusivity. It will be shown that the transport properties depend only on the power law in v and not on its particular geometry (which is not a priori obvious since we consider a quenched model). However, depending on the geometrical characteristics of the eddies at each scale, as the flow rate is increased in these eddies we observe that the super-diffusive behavior may bifurcate towards a Chaotic transport: the multi-scale averaging picture collapses and the flow becomes highly unstable, sensitive to the characteristics of the microstructure and dominated by convective terms.
The Model
We want to analyze the properties of the solutions of the following stochastic differential equation which is the Lagrangian formulation of the passive transport equation (1):
Here κ > 0 is the molecular conductivity of the flow, ω t a standard Brownian Motion on R d related to the thermal noise, is a skew-symmetric matrix on R d called the stream matrix of the flow and ∇. its divergence. Thus ∇. is the divergence free drift defined by (∇.
We assume that is given by an infinite sum of periodic stream matrices with (geometrically) increasing periods and increasing amplitude,
In the formula (3) we have three important ingredients: the stream matrices E k (also called eddies), the scale parameters R k and the amplitude parameters γ k (the stream matrices E k are dimensionless and the parameters γ k have the dimension of a conductivity). We will now describe the hypothesis we make on these three items of the model. 
I Hypotheses on the stream matrices E k . There exists 0 < α ≤ 1 such that for all k ∈ N,
